Ageing is a strong independent risk factor for disability, morbidity and mortality. Post-mitotic cells including those in the heart are a particular risk to age-related deterioration. As the occurrence of heart disease is increasing rapidly with an ageing population, knowledge regarding the mechanisms of age-related cardiac susceptibility and possible therapeutic interventions needs to be acquired to prevent advancing levels of heart disease. To understand more about the ageing heart, numerous aged animal models are being used to explore the underlying mechanisms. Due to time-consuming for investigations involving naturally aged animals, mimetic ageing models are being utilized to assess the related effects of ageing on disease occurrence. D-galactose is one of the substances used to instigate ageing in various models, and techniques involving this have been widely used since 1991. However, the mechanism through which D-galactose induces ageing in the heart remains unclear. The aim of this review was to comprehensively summarize the current findings from in vitro and in vivo studies on the effects of D-galactose-induced ageing on the heart, and possible therapeutic interventions against ageing heart models. From this review, we hope to provide invaluable information for future studies and based on the findings from experiments involving animals, we can inform possible therapeutic strategies for the prevention of age-related heart diseases in clinical settings.
Introduction
The ageing population is growing rapidly across the world, and cardiovascular diseases are the leading cause of death in elderly people worldwide [1] . Ageing is described by the progressive loss of physiological functions and is considered as being the chief risk factor for the progress of age-linked diseases including cardiovascular disease [2] . Therefore, understanding the causes and mechanisms associated with age-related cardiovascular diseases is of considerable importance. Many experimental indications have shown that the characteristics of premature ageing induced by chronic D-galactose exposure are similar to those in natural ageing in rodents [3] [4] [5] . Galactose is a monosaccharide sugar, and although it has two forms, the D and L forms, the body can metabolize only the D form of galactose. There are many D-galactose-enriched foods including milk, chocolate, peanut, honey, cheese, yogurt, cherries, kiwi and celery. The recommended daily allowance of the intake of D-galactose is 50 g per day for a healthy adult, the 50 g being eliminated about 8 hr after ingestion. As long as galactose-metabolizing enzymes in the body such as galactokinase, galactose 1 uridyltransferase and epimerase are functioning efficiently, the body can effectively metabolize the galactose ingested [6] . However, if an abnormal accumulation of D-galactose occurs in the body as occurs in the injection of D-galactose-induced mimetic ageing models, it can cause harmful effects in the body.
The purpose of this review was to comprehensively summarize the studies published on PubMed (https://www.ncbi.nlm.nih.gov/ pubmed), under the search terms of 'D-galactose and heart and mitochondria', 'D-galactose and heart and ageing', and 'D-galactose and heart'. All these studies have explored the mechanisms of D-galactose-induced ageing on the heart and its potential interventions. The common findings as well as the controversial outcome regarding the effects of D-galactose-induced ageing on the heart are comprehensively presented and discussed.
Effects of D-galactose administration on cardiac senescence markers
Administration of D-galactose in mice and rats at the age of 2-5 months old, at the dose of 60-150 mg/kg/day, for 6-8 weeks, can increase senescence markers in cardiac tissue [3, 7, 8] . For in vitro study, 5 g/l of D-galactose was added to neonatal SD rat cardiomyocytes for 48 hr to induce ageing [9] . D-galactose is a reducing sugar, and when it accumulates in the body, it can react with the free amines of amino acids in proteins and peptides to form a Schiff base, an unstable compound. If this situation continues for subsequent months, the compounds are oxidized and become very stable. These are known as advanced glycation end products (AGEs) [10] . AGEs increase during ageing and have been regarded as one of the senescence markers [11, 12] . Accumulating evidence proposes that AGEs are interacting with specific receptors (RAGE) in many cell types, including cardiac cells, and induce the activation of a downstream nuclear factor kappa-B (NF-jB), and other signalling pathways resulting in generation of reactive oxygen species (ROS), which could accelerate the ageing process [10, 12] . In addition, injections of D-galactose lead to acceleration of an ageing phenotype that is manifested by an increase in senescenceassociated b-galactosidase (SA b-gal) staining, SA b-gal expression and b-gal-positive cell expression [8] . Furthermore, the mechanisms involved in senescence usually include the p53 or p16 tumour suppressor pathways. Both p53 and p21 expressions were up-regulated in the D-galactose-induced ageing mice model [7] . Senescent cells accumulate in the cardiac tissues, leading to reduced regenerative capacity and increased low-grade inflammation, subsequently inducing ageing and age-related diseases.
Although cellular senescence can be induced by a variety of stress-induced signalling pathways, oxidative stress caused by exogenous D-galactose may be the key factor in increasing senescence markers in cardiac tissue [13] . The summary of all these findings is shown in Table 1 .
Effects of D-galactose administration on cardiac oxidative stress and antioxidants
Evidence shows that D-galactose administration increased expression of oxidative stress and decreased expression of antioxidants [3, 7, 8] . The doses of D-galactose involved varied between 50 and 400 mg/kg/ day, and duration of the studies was from 6 to 8 weeks [3, 7, 8, 14, 15] . Although there are three different metabolic pathways specific to D-galactose in the body [6] , the main pathway is the Leloir pathway. In addition, excess D-galactose can be converted to galactitol by galactose reductase. Galactitol cannot be further metabolized resulting in increased accumulation in the cells which can affect normal osmotic pressure and cause deterioration of the antioxidant defence system, thus allowing a build-up of more free radicals [4] . In the third pathway, excessive levels of D-galactose are oxidized by galactose oxidase into reactive aldehydes and hydrogen peroxide. These pathways are illustrated in Fig. 1 .
Previous studies have established that oxidative damage by hydrogen peroxide (H 2 O 2 ) and a superoxide anion (O 2 À ), accumulated from excessive D-galactose metabolism, is a major factor in accelerating mechanisms which contribute to ageing [4, 5] . Impaired redox homeostasis due to the increased formation of ROS is widely accepted as a major hallmark of the multifactorial process of ageing [16, 17] . Even though ROS have an important role in maintaining normal cell function, excessive ROS produced by D-galactose metabolism can attack and damage proteins, lipids and DNA, leading to increased protein, lipid and DNA peroxidation [3, 14] . Generally, oxidized proteins are degraded by proteolysis, but excess can escape from degradation and form high molecular weight aggregates and accelerate the cardiac ageing process. Major antioxidant systems in cardiac tissue such as total thiol groups and non-protein thiol groups were significantly reduced, whereas advanced oxidation protein products such as protein carbonyl groups, protein-bound dityrosine; kynurenine and Nformylkynurenine were increased, indicating that impaired cellular redox homeostasis plays a crucial role in D-galactose-induced cardiac ageing [3, 14] .
It has also been shown that persistent oxidative stress caused by D-galactose excess is related to lower ferric reducing antioxidant power and reduced activity of Cu-Zn superoxide dismutase (Cu-Zn SOD), enhancing oxidative damage in myocardial tissue (see Fig. 1 ) [3] . In support of this finding, decreased levels of endogenous antioxidant enzymes such as SOD [7, 8] , glutathione peroxidase [7] , and reduced glutathione levels [14] were demonstrated in D-galactose-treated rats and mice. In addition, increased DHE fluorescence staining, decreased endogenous hydrogen sulphide production, endogenous hydrogen sulphide producing enzyme cystathionine c-lyase (CSE), and nitric oxide 
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(NO) [7] , and decreased haem oxygenase-1 (HO-1) [8] were also found in D-galactose-induced cardiac ageing models.
Increased lipid peroxidation markers, lipid hydroperoxides (L-OOH), conjugated dienes (CD) and malondialdehyde (MDA), have been reported in 5-month-old Wistar rats after they were given D-galactose injections for 6 weeks [3] . This was also found to be the case in 3-month-old Sprague-Dawley rats [14] . Initial lipid peroxidation products L-OOH and CDs are formed due to reactions between polyunsaturated fatty acids and ROS, and the reactivity of L-OOH could damage tissue proteins. L-OOH-modifying cardiac proteins are assumed to participate in cardiac dysfunction by the alteration of cardiac proteins [18] . The final lipid peroxidation product, MDA, can lead to compromisation of the antioxidant defence system [19] .
It has been shown that a 60 mg/kg/day dose of D-galactose administration for 6 weeks induced oxidative DNA damage in cardiac tissue by increasing the formation of 8-hydroxy-2 0 -deoxyguanosine (8-OHdG) [3] . Guanosine is the most susceptible DNA nucleobase to be oxidized by ROS, and the increase in protein oxidation activity in the D-galactose-treated group could cause oxidative damage of this DNA base (guanosine), and be ultimately responsible for the formation of 8-OHdG in myocardial nuclei. Moreover, oxidative damage of DNA could speed up telomere shortening and accelerate the ageing process [20] . In addition, it has been shown that rats undergoing 6 weeks of D-galactose administration to induce mimetic ageing developed the characteristics of oxidative stress and antioxidants similar to those of 24-month-old naturally aged rats, indicating that the D-galactose-induced ageing model can be considered as being a reliable experimental model for cardiac senescence [3] . The details of all these findings are summarized in Table 2 .
Despite these reports, there is a study showing that there was no significant difference between the activity of antioxidant enzymes SOD and NO in cardiac tissue [15] . In that study, Kunming mice at the age of 4-6 weeks old were used. Compared to this, the initial age of the rats and mice in other studies was 8-20 weeks old [3, 7, 8, 14, 21, 22] . Therefore, the differing findings could be explained by the fact that the starting age of experimental animals is the key determinant to create an effective D-galactose-induced ageing model. It has been shown consistently that 12-week and 22-week-old animals were more suitable to use to establish a mimetic ageing model indicated by a significant decrease in antioxidant genes [23] .
Effects of D-galactose administration on cardiac mitochondria
It is well known that mitochondria are not only the targets of ROS, but also the major sites of intracellular ROS production. This ROStriggered oxidative damage can cause mitochondrial dysfunction which in turn yields more ROS. This malicious effect of the ROS yielding process and oxidative mitochondrial damage significantly contributes to the ageing process [24] . However, there are only two studies which have reported the effects of D-galactose administration on cardiac mitochondrial energy production [25] , and mitochondrial [3]
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complex 1 activity [26] . In these studies, D-galactose, at a dose of 100 and 125 mg/kg/day, administered for 6 to 8 weeks, had no significant effects on cardiac mitochondrial energy production and mitochondrial complex 1 activity. The limitations of these two studies are that cardiac mitochondrial functions such as mitochondrial ROS production, mitochondrial swelling and mitochondrial membrane potential and mitochondrial morphology are not carried out. Therefore, further studies are needed to clarify the effects of D-galactose on cardiac mitochondrial function.
Effects of D-galactose administration on cardiac apoptosis
There are three studies stating that D-galactose increased cardiac apoptosis markers [21, 22, 25] . The application of the D-galactose dose varied from 100 to 150 mg/kg/day, the route of administration was either SC or IP injection, and duration was from 6 to 8 weeks. Two major pathways, such as the mitochondria-initiated intrinsic pathway and the death receptor-stimulated extrinsic pathway, have been found to be involved in cardiac apoptosis in mammalian cells [27] . The extrinsic apoptotic pathway is often triggered by the Fas ligand leading to induction of the formation of death-inducing signalling complex (DISC). Through the Fas-associated death domain (FADD), DISC recruits and cleaves pro-caspase 8 into active caspase 8, which leads to the activation of a key effector of apoptosis, caspase 3 [28, 29] . It has been shown that rats in a D-galactose-treated group had increased cardiac apoptosis via an extrinsic pathway [22] . Excessive D-galactose can be converted to advanced glycation end products (AGEs) via the Maillard reaction [10] . AGEs interact with its receptors, RAGE, which can increase ROS production via NADPH oxidase. NADPH oxidase increases p38 MAP kinases, leading to translocation of nuclear transcription factors (NF-jB) to the nucleus, where they enhance transcription of inflammatory cascades including that for tumour necrosis factor alpha (TNF-a) [10] . Therefore, the existence of increased extrinsic apoptotic markers may be explained by increased inflammation caused by D-galactose administration.
D-Galactose also induces cardiac apoptosis via the intrinsic pathway. Increased mitochondrial cytochrome c release, increased Bax protein expression, decreased Bcl-2 protein, and reduced Bcl-2 and Bax ratio are found in the studies displayed in Table 3 . Mitochondria are considered as being the cell apoptosis core by liberating apoptogenic molecules such as cytochrome c [27] . The relative ratio of the Bcl-2 family members, pro-apoptotic and anti-apoptotic proteins, plays a major part in the intrinsic apoptosis pathway. Although the anti-apoptotic protein Bcl-2 inhibits mitochondrial cytochrome c release, Bax protein makes holes in the outer mitochondrial membrane and as a result, disruption of mitochondrial membrane integrity occurs. This leads to an increase in the level of mitochondrial cytochrome c released into the cytosol and activates caspase 3, a crucial mediator in the final apoptosis pathway, instigating DNA fragmentation and apoptosis [30, 31] . All these results are summarized in Table 3 .
Effects of D-galactose administration on intracellular calcium, cardiac proteins and cardiac function
Previous studies reported that D-galactose-induced ageing rats had increased intracellular calcium levels, increased calcium removal time and reduced calcium removal protein expression [9, 21] . An effective D-galactose dose for increase in the intracellular calcium level in 3-month-old SD rats was 100 mg/kg/day by SC injection for 8 weeks [21] . Removal of calcium from the cytosol may be delayed by a reduced activity in sarco/endoplasmic reticulum calcium adenosine triphosphate (SERCA) or an increase in the activity of phospholamban (PLB) which is a SERCA-inhibitory protein. Reduced SERCA2a activity and SERCA2a protein expression, together with increased PLB protein expression, can cause intracellular calcium overload, resulting in diastolic dysfunction. This sequence of events has already been described in naturally aged rats [32] [33] [34] . A possible explanation for altered calcium homeostasis in D-galactose-treated rats and cardiomyocytes may be AGE accumulation, which can cross-link to intracellular, cardiac sarcoplasmic reticulum (SR) proteins and results in diastolic dysfunction [12] . In addition to this, the formation of AGEs has been shown to decrease the amount of serine 16 phosphorylation of PLB while there was no effect on threonine 17 phosphorylation of PLB in an in vitro study [9] . This suggests that serine phosphorylation of PLB status might be involved in D-galactose-induced altered calcium homeostasis as indicated in Table 4 .
Several studies have demonstrated an increase in cardiac hypertrophy, cardiac inflammatory cells and adipose tissue hyperplasia in D-galactose-induced cardiac ageing models [3, 8, 15, 22] . Doses of D-galactose, depicted in Table 4 , were from 60 to 150 mg/kg/day for a duration of 6 to 10 weeks. As previously mentioned and summarized in Table 2 , D-galactose can induce increased oxidative stress due to abnormal metabolism such as galactose oxidation and generation of AGE that can lead to ROS overproduction in cardiac tissue which might contribute to cardiac hypertrophy. Moreover, AGE-RAGE interactions in cardiac tissue can activate NF-jB nuclear translocation and increase inflammatory gene transcription, causing inflammation [12] . Currently, there is only one study that investigated cardiac function in D-galactose-induced aged rats, and the findings showed a decreased left ventricular ejection fraction and fraction shortening in D-galactose-induced aged rats when compared to control rats [22] . The dose that could induce cardiac dysfunction was 150 mg/kg/day by intraperitoneal injection for 8 weeks as displayed in Table 4 . Cardiac dysfunction encountered in D-galactose-induced ageing rats may be due to increased oxidative stress, inflammation, apoptosis and altered calcium homeostasis as shown in Fig. 2 .
Effects of therapeutic interventions on the D-galactose-induced ageing heart
A variety of therapeutic interventions have been utilized in the D-galactose-induced ageing heart in both in vitro and in vivo studies. These include melatonin hormone, antioxidant nutrients, four Chinese herbal medicines and the hydrogen sulphide donor, sodium hydrosulphide. Of these, the hormone melatonin showed effectiveness in mitochondrial energy production [25] . Melatonin is synthesized mainly from tryptophan in the pineal gland. Melatonin is a free radical scavenger and is also regarded as an antioxidative defence against reactive hydroxyl radicals [35, 36] . Previous studies have described that melatonin had protective effects in protecting mitochondria in senescenceaccelerated mice (SAM) [37] . It was concluded that it could normalize the energy status of heart mitochondria and increase the ATP levels in SAM [38] . In addition, an increased Bcl-2/Bax ratio and reduced cytochrome c release were observed following 6 weeks of a 10 mg/ kg/day regime of melatonin injections in D-galactose-treated rats, indicating that melatonin also had an anti-apoptotic action [25] .
A variety of antioxidants comprising selenium, vitamin E and anthocyanins from purple carrots were tested against oxidative stress induced by D-galactose [14] . The results revealed that both individual treatment and combined treatments led to a decrease in oxidative stress markers, MDA and PCO, and an increase in antioxidant enzymes SOD, glutathione peroxidase and reduced glutathione and a total antioxidant capacity in D-galactose-induced aged rats [14] . However, combined treatments had greater efficacy in decreasing oxidative stress than those of the individual treatments, likewise a combination of three antioxidants showed greater antioxidant efficacy than a combination of two antioxidants. Selenium is an essential micronutrient, and it is widely accepted that the selenium-containing enzyme, glutathione peroxidase, is effective against reactive oxygen species [39] . Fat-soluble vitamin E also is regarded as the major antioxidant in the lipid components of cells [40] . Anthocyanins showed antioxidant efficacy by donating hydrogen ions to ROS [41] and decreasing lipid peroxidation [42] . A combination of those three compounds effected a synergistic action against oxidative stress by anthocyanins activating the glutathione-related enzymes and increasing the GSH content [43] , and selenium boosting GSH which was used in the regeneration of vitamin E [44] . It was also reported that their synergism had effects not only by the enzyme systems but also by the non-enzyme system via direct reaction with free radicals and antioxidants [45] . Fig. 2 Summary of how D-galactose induces cardiac dysfunction in ageing heart models. In D-galactose-induced ageing heart models, increased cardiac senescence marker expression, increased oxidative stress, decreased antioxidant levels, increased inflammation, increased apoptosis and altered calcium homestasis lead to cardiac dysfunction. Post-conditioning The polysaccharides isolated from Cuscuta chinensis Lam were found to be effective against apoptosis and could reduce the intracellular calcium level in D-galactose-induced SD rats [21] . In that study, three doses (low, medium and high doses) were used and all of them showed similar efficacy indicated by reduced cytochrome c expression, an increased ratio of Bcl-2 and Bax, increased Bax protein, reduced activity of caspase 3 and a reduced rate of apoptosis. They were also found to decrease calcium accumulation in the cardiac tissue.
The second Chinese traditional herb found in this review was Dendrobium officinale (DO). It is regarded as one of the nine precious herbal plant medicines in China. Both a low dose DO (0.32 g/kg, polysaccharide) and a high-dose DO (1 g/kg, fresh juice) had similar effects in increasing SOD enzymes in D-galactose-treated mice [15] .
Regarding Alpinate Oxyphyllae Fructus (AOF), two studies indicated that AOF was effective in reducing cardiac hypertrophy and improving cardiac function [8, 22] . Of the three doses (low, medium and high), a high dose of AOF (150 mg/kg/day) was more efficacious in improving cardiac function indicated by markedly reduced cardiac senescence, apoptosis and hypertrophic markers, and increasing antioxidants levels in D-galactose-treated rats. Of the 80 chemical constituents of AOF, nine secondary metabolites are shown to be concentrated in seeds and fruit capsules. They are flavonoids (e.g. tectochrysin, izalpinin, chrysin, apigenin-4 0 ,7-dimethyl ether and kaempferide) and sesquiterpenes (e.g. nootkatone) and diarylheptanoids (e.g. yakuchinone A, yakuchinone B and oxyphyllacinol) [46] . As AOF has so many active ingredients, the mechanism of whether the action of each component is receptor mediated or not remained unclear. Further studies are needed to discover whether their actions are mediated through receptors in the body.
The final herbal medicine revealed in this review was Ginkgo biloba extract (EGB761) [9] . Although a low dose (5 lg/ml) and medium dose (10 lg/ml) of EGB761 led to a reduction in cardiac senescence, the high dose (20 lg/ml) of EGB761 had a greater efficacy in reducing cardiac senescence and intracellular calcium levels in cultured D-galactose-induced ageing rat cardiomyocytes. In that study, Fig. 3 Summary of potential interventions in D-galactose-induced ageing heart models. AOF, Alpinate Oxyphyllae Fructus; EGB761, Gingko Biloba extract; NaHS, sodium hydrosulphide; DO, Dendrobium Officinale; PCCL, polysaccharide isolated from the seeds of Cuscuta chinensis Lam; APC, anthocyanin from purple carrots. the main active compound was 4.2 mg of flavonoid. Many studies have already shown that the flavonoid components have an antioxidant action [47, 48] , and the study of [9] proved that a high dose of EGb761 also had an effective action against diastolic dysfunction and had an anti-ageing action in D-galactose-induced accelerated ageing cardiomyocytes.
The hydrogen sulphide (H 2 S) donor, sodium hydrosulphide (NaHS), has shown effectiveness in both in vitro and in vivo studies involving D-galactose-induced ageing heart models [7, 49] . In the in vitro study, 10 g/l of D-galactose was added to the H9C2 cells for 48 hr to establish an ageing model and subjected to 3-hr hypoxia/6-hr reoxygenation. The dose of NaHS was 100 lM and was administered at post-hypoxia. A post-conditioning procedure used 5-min. hypoxia/ 5-min. reoxygenation for 30 min. at post-hypoxia and results were compared between combined the post-conditioning and NaHS treatment and NaHS treatment alone. The results revealed that combined post-conditioning and NaHS had a greater efficacy than NaHS alone in protecting aged cardiomyocyte cell death against H/R injury via the AMPK-mTOR autophagic pathway leading to reduced apoptosis [49] . Furthermore, NaHS was found to reduce cardiac senescence via the p53-p21 pathway, and in the in vivo study, it was not dependent on concentration [7] . The summary of all these findings for in vitro and in vivo studies are included in Tables 5 and 6 , respectively. In addition, the mechanisms of how these potential interventions inhibit D-galactoseinduced cardiac dysfunction are illustrated in Fig. 3 .
The future perspective of ageing heart research
The prevalence of obesity continues to increase worldwide even with significant efforts to reduce the rates of obesity. Obesity is also one of the major risk factors for cardiovascular diseases. As the number of the obese elderly people is increasing, it will be more useful in the clinical setting if the future research will target on effects of ageing and obesity fostered cardiac dysfunction. To be able to develop therapies aiming to reduce ageing and obesity-related cardiovascular diseases, more mechanistic insights of how ageing and obesity induced mitochondrial dysfunction by assessing cardiac mitochondrial ROS production, mitochondrial membrane potential changes and mitochondrial swelling and mitochondrial dynamics changes by determination of mitochondrial fusion and fission proteins will still need to be explored in ageing obese animals. In addition to focusing on cardiac mitochondria, investigation of oxidative stress marker, inflammatory marker and apoptosis marker expressions will give a better picture for how ageing and obesity deteriorate heart function in ageing obese animals. Furthermore, ageing is associated with decreased function of autophagy and progressive accumulation of damaged proteins and undigested materials, leading to heart failure in elderly subjects. Therefore, assessment of the role of the autophagy in ageing obese animals may also provide effective therapeutic approaches for future clinical applications. All of these may be accomplished at the pre-clinical state using the D-galactose-induced ageing animal model and improved understanding on the ageing process can be further applied to a clinical setting in the future.
Conclusion
All the experiments summarized in this review have been carried out in vivo or in vitro, and based on the evidence accumulated here, D-galactose treatment can successfully induce cardiac senescence models as indicated by increasing expression of senescence markers [3, [7] [8] [9] . The mechanisms of how D-galactose induced an ageing heart can be identified, according to this review, include those resulting in increased oxidative stress and reduced levels of antioxidants [3, 7, 8, 14] , increased apoptosis [21, 22, 25] , an alteration in calcium homeostasis [9, 21] and impaired cardiac morphology [3, 8, 15, 22] . These mechanisms, separately or severally, lead ultimately to cardiac dysfunction [22] . These pathways may be targets for developing strategies for approaching the issues associated with anti-ageing in the future.
